Ascertaining the authenticity of the unrefined sesame oil presents an ongoing challenge. Here, the determination of 2-propenal was performed by headspace solid-phase microextraction (HS-SPME) under mild temperature coupled to gas chromatography with time-of-flight mass spectrometry, enabling the detection of adulteration of unrefined sesame oil with refined corn or soybean oil. Employing this coupled technique, 2-propenal was detected in all tested refined corn and soybean oils but not in any of the tested unrefined sesame oil samples. Using response surface methodology, the optimum extraction temperature, equilibrium time, and extraction time for the HS-SPME analysis of 2-propenal using carboxen/polydimethylsiloxane fiber were determined to be 55 ∘ C, 15 min, and 15 min, respectively, for refined corn oil and 55 ∘ C, 25 min, and 15 min, respectively, for refined soybean oil. Under these optimized conditions, the adulteration of unrefined sesame oil with refined corn or soybean oils (1-5%) was successfully detected. The detection and quantification limits of 2-propenal were found to be in the range of 0.008-0.010 and 0.023-0.031 g mL −1 , respectively. The overall results demonstrate the potential of this novel method for the authentication of unrefined sesame oil.
Introduction
Unrefined sesame oil has long been considered as a popular health food due to its considerable content of bioactive compounds such as phytosterols and lignans. It is most commonly consumed as a nutritive flavor enhancer in many Asian countries [1, 2] . For instance, approximately 73,000 tonnes of sesame seeds and 600 tonnes of unrefined sesame oils were imported annually in Korea during 2010−2013 to compensate for the limited domestic production of sesame seeds [3] . The retail price of unrefined sesame oil in Korea is 5 to 30 times higher than that of other refined edible oils. Therefore, the economically motivated adulteration of sesame oil, with potential impact on the oil quality, nutritional value, and safety to consumers, is a critical problem. Adulterated sesame oils are most commonly manufactured by blending pure unrefined sesame oil with cheaper and lower quality edible oils such as refined corn and soybean oils [4, 5] .
In the past two decades, various analytical techniques combined or not with chemometric methods have been established for the verification of sesame oil authenticity. For instance, several nonseparation/nondestructive techniques (e.g., isotope ratio mass spectrometry, infrared spectroscopy, and nuclear magnetic resonance spectroscopy) have been applied for the detection of adulterated sesame oils [1, 4, 6] . Previous studies have also employed techniques such as gas chromatography (GC) coupled with a flame ionization detector [7] or mass spectrometer [8, 9] , high performance liquid chromatography with a refractive index detector [10] , an evaporative light scattering detector [5, 11] or a fluorescence detector [12] , an electronic nose [13] , and realtime PCR [14] . Despite the recent advances in the analytical 2 Journal of Chemistry methods available for the detection of sesame oil adulteration, the minimum adulteration detection levels remain relatively high. Currently, it is possible to detect the presence of refined corn oil in unrefined sesame oil at ≥10% [1, 4] and that of refined soybean oil at ≥3% [1] . This limitation arises mainly from the fact that sesame oil and oil adulterants (e.g., corn and soybean oils) have very similar physical, chemical, and biological properties. In addition, chemometric methods using unreliable marker compounds obtained from both sesame oil and oil adulterants might not be able to adequately detect the presence of oil adulterants in sesame oil. Additionally, the techniques described above are often time-consuming, expensive, and require the use of harmful solvents, complex technology, and expertise. Further research is therefore highly necessary in order to establish a new approach and identify specific compounds as reliable markers for the authentication of unrefined sesame oil.
Headspace solid-phase microextraction (HS-SPME) is a simple, fast, sensitive, solvent-free, and cost-efficient method for the extraction of volatile compounds in complex matrices such as those present in edible oils [15] . In addition, GC equipped with time-of-flight mass spectrometry (GC-TOF/MS) allows the acquisition of full mass spectra even for volatile compounds at very low concentrations [16] . Recently, headspace coupled to GC-TOF/MS has been employed to analyze volatile compounds for the purpose of sesame oil authentication [16] . In this line, Ma et al. [15] have reported that the volatile aldehydes present in edible oils can be extracted by HS-SPME under mild temperature conditions. 2-Propenal is one of the highly reactive aldehydes detected in thermally processed edible oils, formed from the constituents of glycerides such as the glycerol moieties of triacyl and diacyl glycerides. It can also be generated by degradation of unsaturated fatty acid backbones [17] . Despite extensive studies on the pathway and mechanism of 2-propenal formation from oil constituents [18, 19] , the determination of 2-propenal under mild temperature and its application as a detection marker of sesame oil adulteration remain vastly unexplored. The present study, therefore, aims to develop a combined approach of HS-SPME analysis under mild temperature and GC-TOF/MS for the determination of 2-propenal as a volatile marker to detect unrefined sesame oil adulteration with refined corn or soybean oil.
Materials and Methods

Materials.
Twelve brands of unrefined sesame oil, six brands of refined corn oil, and five brands of refined soybean oil used in this study were manufactured by food companies in Korea. All samples were purchased from a local supermarket (Seongnam, Korea); they were all pure and qualified products. The shelf life of commercial oil samples is at least twelve months. The samples were stored in a dark and dry environment prior to analysis. To prevent any changes in chemical constituents, samples were analyzed immediately after unpacking in the laboratory. 2-Propenal was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Chromatographic Conditions and Data Processing.
The extracted volatiles were analyzed using a GC-TOF/MS instrument (LECO Corp., St. Joseph, MI, USA) equipped with Agilent 6890N (Agilent Technologies, Santa Clara, CA, USA). The dimensions of the primary (DB-WAX) and the secondary (DB-1701) columns were 60 m × 0.25 mm internal diameter (ID) × 0.25 m film thickness and 20 m × 0.10 mm ID × 0.40 m film thickness (Agilent J&W GC Columns, USA), respectively. The temperatures of the GC inlet and transfer line were set at 220 ∘ C. High purity helium (99.99%) was used as the carrier gas at a constant flow rate of 1.20 mL min −1 and a split ratio of 20 : 1. The primary oven temperature was maintained at 40 ∘ C for 2 min and then ramped to 230 ∘ C at a rate of 20 ∘ C min −1 , where it was held for 10 min. The secondary oven was always operated at a temperature 10 ∘ C higher than that of the primary oven throughout the analysis. The detector voltage was set to 1600 V with an electron energy of 70 eV. An acquisition delay of 400 s was employed and the mass spectra were collected in the mass range of / 33-650, at an acquisition rate of 10 spectra s −1 . The temperature of the ion source was set at 200 ∘ C. The raw chromatograms were first processed using ChromaTOF5 software (LECO Corp, version 4.22) for peak finding, baseline correction, deconvolution, library matching, and area calculation. The peaks were extracted with a signal-to-noise ratio (S/N) of 20. The peaks were identified tentatively by comparison of the obtained mass spectra with those available in mass spectral databases (NIST and Wiley), with a minimum similarity match of 800. The area of each peak was calculated using the unique mass of each detected volatile compound. After the initial processing, all the peak information from different chromatograms was aligned using the Statistical Compare (SC) option in the ChromaTOF software in order to obtain an accurate comparison of the volatile profiles of sesame oil and oil adulterants (corn and soybean oils). Following the alignment process, the basic statistical information from different peak calculations was compared in order to identify the volatile compounds with potentially significant class differences between volatiles from sesame oil and the oil adulterants. This comparison was necessary in order to identify compounds that could be used as potential markers for the detection of sesame oil adulteration. The results of the SC process were exported as .csv files and used for further analysis.
Preliminary Experiments
Selection of Volatile Markers for Authentication of Sesame
Oil. The initial step of the preliminary experiment involved the selection of volatile marker compounds for the detection of sesame oil adulteration. Commercial manual sampling SPME devices and 85 m carboxen/polydimethylsiloxane (CAR/PDMS) fiber (Supelco, PA, USA) were selected for the extraction of volatile compounds in oil samples. Oil samples (each 2 g) were heated at 55 ∘ C for 15 min (equilibrium time) in a 20 mL glass vial equipped with a PTFE/silicone septum (Supelco, PA, USA) and extracted using a CAR/PDMS fiber for 15 min. After extraction, the SPME fiber was immediately thermally desorbed in the injection port of the GC-TOF/MS. Next, the volatile compounds present in refined corn and soybean oils but not in unrefined sesame oils were selected as adulteration detection markers. Among these compounds, 2-propenal was selected and used for the optimization of the HS-SPME conditions.
Fiber Selection for the Extraction of 2-Propenal.
Four SPME fibers, (i) 85 m CAR/PDMS, (ii) 50/30 m divinylbenzene/CAR/PDMS (DVB/CAR/PDMS), (iii) 65 m PDMS/DVB, and (iv) 100 m PDMS, were evaluated to select the most suitable fiber for the extraction of 2-propenal in oil samples. A sample of corn or soybean oil (2 g) was heated at 55 ∘ C for 15 min (equilibrium time) in a glass vial, extracted using the four selected SPME fibers for 15 min, and then thermally desorbed in the GC-TOF/MS. The adsorption efficiencies on the SPME fibers were evaluated by comparison of the peak areas of 2-propenal.
Temperature Selection for the Extraction of 2-Propenal.
The final step in the preliminary set of experiments was the determination of the most appropriate temperature for the extraction of 2-propenal. The extraction temperature was varied systematically from 25 to 100 ∘ C, while the equilibrium and extraction times were both held constant at 15 min. In the present study, CAR/PDMS and DVB/CAR/PDMS fibers were chosen because of their higher extraction efficiencies compared to those of the PDMS/DVB and PDMS fibers. Under different extraction temperatures, the 2-propenal in corn or soybean oils (each 2 g) was extracted using CAR/PDMS or DVB/CAR/PDMS fiber. Based on the obtained results, the CAR/PDMS fiber and extraction temperatures of 25−55 ∘ C were selected for the optimization of the HS-SPME analysis using response surface methodology (RSM).
Optimization of HS-SPME Conditions Using RSM.
The effect of three different SPME factors including the extraction temperature ( 1 , 25−55 ∘ C), equilibrium time ( 2 , 15−45 min), and extraction time ( 3 , 5−15 min) was evaluated by RSM ( Table 1 ). The analytical design consisted of 34 experimental points in a randomized order, and six replicates were performed for the center point and used for the estimation of the pure error sum of squares (Supp. Table 1 in Supplementary Material available online at https://doi.org/ 10.1155/2017/9106409). The experimental points were divided into two blocks, each consisting of 17 experiments. 2-Propenal in corn or soybean oils (each 2 g) was extracted using CAR/PDMS fiber under the extraction conditions based on the design described in Supp. Table 1 in Supplementary Material. The obtained experimental data were then fitted to the following nonlinear polynomial equation:
where is the response value predicted by the model; 0 is a constant; and , , and are the linear, quadratic, and interaction coefficients, respectively. The adequacy of the predicted model was evaluated using modeling analysis, coefficients of determination ( 2 ), and lack-of-fit tests.
Determination of 2-Propenal in Sesame Oils Adulterated with Corn or Soybean Oils.
Samples of adulterated sesame oil were prepared shortly before analysis by randomly blending unrefined sesame oils with refined corn or soybean oils. The concentrations of refined corn or soybean oils in the adulterated sesame oil were 1, 5, and 10% (w/w). Three corn oils and three soybean oils were used as refined adulterants and 18 admixtures were prepared. Each oil sample was analyzed quantitatively in triplicate. 2-Propenal in the pure and adulterated oils was extracted using HS-SPME under the optimal conditions determined by RSM. A stock solution of 2-propenal (750 mg L −1 ) was prepared in absolute ethanol (Burdick & Jackson, MI, USA) [20] and stored at 4
∘ C prior to analysis. The stock solution was subsequently diluted with absolute ethanol to produce intermediate standard solutions at concentrations ranging from 0.02 to 0.76 g mL −1 . Each standard solution was prepared shortly before exposure to the CAR/PDMS fiber. Each standard solution (2 g) was extracted and injected in the GC-TOF/MS (six replicates) in order to obtain calibration curves. The average peak areas determined from the analysis of each of these standard solutions were used to quantify the concentration of 2-propenal in the oil samples and determine the limits of detection (LOD) and limits of quantification (LOQ).
Statistical Analysis.
The response surface modeling was performed using the Minitab statistical package (Minitab Inc., USA, version 17). The differences between the treatments employed in the preliminary experiments were determined using one-way analysis of variance (ANOVA) followed by Tukey's test ( < 0.05). A two-sample -test was performed in order to establish the differences between the predicted and observed peak areas of 2-propenal in corn and soybean oils ( < 0.05). These two statistical tests were conducted using the IBM SPSS Statistics software (SPSS Inc., USA, version 20).
Results and Discussion
Preliminary Experiments.
The volatile compounds in the tested sesame, corn, and soybean oils were extracted using CAR/PDMS fiber and analyzed by GC-TOF/MS. The volatile compounds found only in corn and soybean oils were then selected as markers for the detection of sesame oil adulteration. Among the several marker compounds, 2-propenal was selected as an adulteration marker owing to its high peak area and reproducibility (data not shown). 2-Propenal was not found in all the tested unrefined sesame oils, while it was found in all the tested refined corn and soybean oils (Figure 1(a) ). The presence of 2-propenal in corn and soybean oils (Figures 1(a), 1(b) , and 1(c)) was confirmed by comparing the results to the retention time and mass spectra of standard solution containing 2-propenal at known concentrations (Figure 1(d) ), as well as by comparison with a spectral library (Figure 1(e) ). The mass spectrum (molecular ion at / 56 and fragment ions at / 37, 38, 39, 53, and 55) of 2-propenal was obtained by the electron ionization mass spectrometry.
In order to determine the most suitable fiber to extract 2-propenal from corn and soybean oils, four SPME fibers (CAR/PDMS, DVB/CAR/PDMS, PDMS/DVB, and PDMS) were evaluated. Selection of the appropriate fiber coating is one of the most critical steps in the optimization of SPME method. The suitability of a particular fiber coating for the analyte of interest is related directly to the properties of the extraction phase, which in turn determine the overall selectivity and reliability of the method [21] . The extraction efficiency of the SPME fibers was determined by comparing the peak areas of 2-propenal. PDMS and PDMS/DVB fibers were excluded from further analysis after a preliminary set of experiments. These two fibers had much lower extraction efficiencies compared to those of the CAR/PDMS and DVB/CAR/PDMS fibers (data not shown), indicating that the polarity of these two fibers makes them unsuitable for the extraction of 2-propenal in oil samples. The performance of CAR/PDMS and DVB/CAR/PDMS fibers in the extraction of 2-propenal from oil samples was then further investigated and compared under different extraction temperatures (25-100 ∘ C). Results in Figure 2 show that the use of CAR/PDMS fiber resulted in a higher 2-propenal peak area ( < 0.05) for both corn and soybean oils compared to that determined using DVB/CAR/PDMS fiber at all extraction temperatures. The peak areas of 2-propenal in both corn and soybean oils extracted with CAR/PDMS fiber at 55 ∘ C were significantly higher ( < 0.05) than those obtained using the same fiber at other extraction temperatures. The peak areas of 2-propenal in corn and soybean oils extracted using CAR/PDMS fiber were found to decrease markedly at temperatures above 70 ∘ C. Generally, heating increases the vapor pressure and enhances mass transfer processes, thereby facilitating the release of analytes into the headspace. Nonetheless, excessive heating can have an adverse effect on the adsorption of analytes by the fiber coating as a result of reduction of the distribution constant [22] . Accordingly, CAR/PDMS fiber and extraction temperatures of ∘ C were chosen as the starting point for further optimization of the HS-SPME conditions for the extraction of 2-propenal from refined corn and soybean oils using RSM.
Optimization of HS-SPME Using RSM.
The mechanism of HS-SPME is based on the equilibrium distribution of analytes between three phases (fiber coating, headspace, and sample) and, therefore, the vapor pressure of the volatile analytes in the vial can affect significantly the extraction of volatile analytes present in the headspace by SPME. The main SPME variables/factors affecting the vapor pressure and equilibrium state of volatile compounds in the headspace are the extraction temperature, equilibrium time, and extraction time [22] . The drawback of the preliminary experiments described above, in which the effect of one SPME variable/factor (the extraction temperature) was evaluated while the remaining parameters (e.g., equilibrium and extraction time) remained constant, is that the optimization of a single variable is unlikely to produce the most optimal conditions for the extraction of 2-propenal. In contrast, RSM enables the adequate evaluation of the relative influence of all the experimental variables during the optimization process, even in the presence of complex interaction relationships [23] . RSM employs an initial modeling step, followed by the determination of the optimal parameter ranges. The modeling process is performed by adjusting first-or second-order polynomial equations to the data obtained experimentally, followed by the ANOVA.
In this study, the experimental response ( , peak area of the 2-propenal) was modeled as a function of linear, quadratic, and interaction effects of the extraction temperature ( 1 ), equilibrium time ( 2 ), and extraction time ( 3 ). The results show that the predicted quadratic polynomial models provide a good fit to the experimental data, exhibiting relatively high values for the coefficient of determination (
2 ) of 0.83 and 0.98 for corn and soybean oils, respectively (Table 2 ). In general, the closer the 2 value is to unity, the better the fit between the theoretical model and experimental data is. The results of the ANOVA show that both the linear and quadratic parameters were not significant ( > 0.05) in corn oil (Table 3) . Similarly, interactions between the parameters, except for the interaction between the extraction temperature and equilibrium time, also did not produce a significant effect ( > 0.05). Thus, the interplay between the 6 Journal of Chemistry Table 2 : Predicted quadratic polynomial models for the responses (peak area of 2-propenal) in refined oil samples analyzed in this study.
Samples
Quadratic polynomial equation Journal of Chemistry 7 Table 3 : The significance probability ( value and -value) of regression coefficients and lack of fit in the final reduced models. Journal of Chemistry 9 extraction temperature and equilibrium time was established as the primary determining term that may cause significant (p < 0.05) changes in the observed response (peak area of 2-propenal). For soybean oil, on the other hand, both the linear (extraction temperature and extraction time) and quadratic (extraction temperature and equilibrium time) parameters were found to play a significant role ( < 0.05) influencing the total peak area of the 2-propenal. Further, the interaction between the extraction temperature and extraction time was also found to be significant ( < 0.05). The predicted models provided an excellent fit to the experimental data for both oil samples examined in this study, with a regression of < 0.05 and an insignificant ( > 0.05) lack of fit. In addition, no significant differences ( > 0.05) were found between the two experimental blocks, demonstrating that there were no significant differences between measurements obtained at different experimental periods. Table 4 shows the optimum values for the independent HS-SPME variables/factors obtained using the "response optimizer" option available in the Minitab statistical package, which afforded composite desirability values of 0.98 and 1.00 for corn and soybean oils, respectively. In order to validate the proposed model, triplicate experiments were conducted under the optimum experimental conditions and the results were compared to those obtained by predictions. The validation results revealed that the experimental values of the 2-propenal peak area were not significantly different ( < 0.05) from the predicted values, thereby confirming the validity and adequacy of the predictive models. The optimum HS-SPME extraction temperature, equilibrium time, and extraction time for corn and soybean oils were determined to be 55 ∘ C, 15 min, 15 min, and 55 ∘ C, 25 min, 15 min, respectively.
Application of 2-Propenal as a Detection Marker of Sesame
Oil Adulteration. To date, there is no consensus in the literature as to the origin of 2-propenal in edible oils. In this study, we confirmed that 2-propenal was not found in the tested unrefined sesame oil samples equilibrated and extracted at 55 ∘ C (Figure 1(a) ), while it was detected in all the tested refined corn and soybean oils even at room temperature (Figure 2) . In a previous study, 2-propenal was produced via thermal oxidation of vegetable oils at temperatures above 100 ∘ C [18] . This finding may be attributed to the thermal oxidation of refined corn and soybean oils during industrial refining stages because of the high temperatures (≥200 ∘ C)
used. As shown in Supp. Figure 1 in Supplementary Material, thermal oxidation of unrefined sesame oil at 150 ∘ C resulted in the formation of 2-propenal. However, pressing sesame seeds without refining is a common process for the production of sesame oil in Asia. A possible reason is that the process for unrefined sesame oil production does not involve a refining stage using the high temperatures; therefore, 2-propenal may not be formed during sesame oil production.
The formation of lipid oxidation products including 2-propenal in refined corn and soybean oils may also be due to the lack of considerable amounts of antioxidants. The refining process for edible oil results in a huge loss of antioxidants such as -tocopherol due to the high operating temperatures [24] . Suja et al. [25] have reported that the addition of antioxidants in edible oils such as soybean and sunflower oils is effective in the inhibition of the lipid oxidation. Unrefined sesame oil, on the other hand, possesses high contents of endogenous antioxidants such as sesamolin, sesamin, sesamol, and phenolic compounds [26, 27] . In addition, sesame seed roasting prior to oil extraction can improve significantly the oxidative stability of the obtained oils as a result of the antioxidants produced via Maillard reactions. The oxidative stability is known to be positively correlated with the increasing roasting temperature of sesame seeds [28] . The natural antioxidants in unrefined sesame oil are likely able to inhibit the lipid oxidation, preventing the formation of 2-propenal.
In this study, unrefined sesame oil samples were randomly adulterated with corn or soybean oil samples at concentrations of 1, 5, and 10% (w/w). The authentic and adulterated sesame oils were extracted using HS-SPME under the optimum conditions described in Table 4 and analyzed by GC-TOF/MS. The concentration of 2-propenal in the adulterated sesame oils was then determined in order to investigate the applicability of 2-propenal as a marker for the detection of sesame oil adulteration. The results show that the concentration of 2-propenal was found to increase gradually with the increasing content of added corn or soybean oils (Table 5) . 2-Propenal in sesame oil samples adulterated with refined corn or soybean oils was detected even at the lowest concentration of 1%. According to the results of the admixtures presented in Table 5 , 2-propenal can be used as a marker for the discrimination of unrefined sesame oil adulteration with the refined oils tested in this work.
The analytical parameters for the evaluation of the proposed method are shown in Table 6 . The linear range Journal of Chemistry Table 6 covers from 0.02 to 0.76 g mL −1 for the 2-propenal authentic standard extracted using HS-SPME under optimal conditions for corn or soybean oil samples, and all the correlation coefficients were >0.99. The LOD and LOQ were found in the range of 0.008-0.010 and 0.023-0.031 g mL −1 , respectively. Overall, the results confirm that the developed method can adequately detect the presence of refined corn and soybean oils at concentrations between 1 and 5% (w/w) in adulterated sesame oil.
Conclusion
The present work demonstrates an optimized HS-SPME method coupled to GC-TOF/MS for the effective extraction and detection of 2-propenal in refined corn and soybean oils. The application of 2-propenal as a marker allowed the detection of unrefined sesame oil adulteration with refined corn or soybean oil even at very low adulteration levels of 1-5% (w/w). In future work, this developed method will be further tested for the detection of unrefined sesame oil adulteration with other potential oil adulterants such as refined canola and rapeseed oils.
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